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A B S T R A C T
Heat generation during the operation of the photovoltaic (PV) cell raises its temperature and results in reduced
electrical output. The heat produced in the process can be removed by attaching phase change material (PCM) at
the back of the PV panel which can contain the PV temperature substantially and increase its efficiency. Fins can
be used inside the PCM container to enhance the heat transfer. In literature, it is observed that as soon as PCM is
melted completely, the heat extraction rate of PCM reduces which again leads to increase in PV temperature.
However, the study carrying out the optimization of Finned-PV-PCM system to keep PV temperature low during
operation for different solar irradiance levels is not available in literature. Thus, in the current study, the most
suitable depth of PCM container is calculated for different solar irradiance levels. In addition, how it is affected
with spacing between successive fins, fin length and fin thickness has been studied. The best fin dimensions are
also calculated. The results show that the most suitable depth of PCM container is 2.8 cm for ∑IT=3kWh/m2/
day and 4.6 cm for ∑IT=5 kWh/m2/day for the chosen parameters. The best spacing between successive fins (to
keep PV temperature low) is 25 cm, best fin thickness is 2mm and best fin length is the one when it touches the
bottom of the container. PV, PV-PCM and Finned-PV-PCM systems are also compared. For PV-PCM system
(without fins), the most suitable depth of PCM container is 2.3 cm for ∑IT=3kWh/m2/day and 3.9 cm for
∑IT=5 kWh/m2/day.
1. Introduction
PV cells can convert only a fraction of the incident solar radiation
into electricity. A major fraction is converted into heat and raises the
temperature of the cell. The temperature rise reduces the solar to
electricity conversion efficiency of the cell [1]. The studies involving
phase change material (PCM) for extracting heat from PV have been
reviewed.
Some works on experimental investigation of the photovoltaic-
phase change material system are summarized. Huang et al. [2] have
compared the performance of photovoltaic-phase change material
system with fins and no fins inside the PCM container using RT25 and
GR40 PCMs. The results show that the deployment of fins can reduce
the PV temperature. Hasan et al. [3] have compared the behaviour of
the system using five different PCMs: paraffin wax (RT20), capri-
c–lauric acid (C–L), capric–palmitic acid (C–P), pure salt hydrate
(CaCl2.6H2O) and commercial blend (SP22). It has been shown that the
photovoltaic temperature can be decreased by 18 °C maximally at
1000W/m2 using CeP and CaCl2.6H2O. Indartono et al. [4] have
proposed a yellow petroleum jelly as PCM for the operation and studied
the performance of the system under the climate of Indonesia. An in-
crement in photovoltaic efficiency from 8.3% to 10.1% has been ob-
served. Mahamudul et al. [5] have considered RT35 PCM and carried
out the study for the climate of Malaysia. The results show a decrement
of 10 °C in the photovoltaic temperature using PCM. Park et al. [6] have
varied the thickness of PCM layer and analysed the performance of the
system for the weather of South Korea. A maximum increment of 3% in
the electrical efficiency is achieved. Hasan et al. [7] have compared the
behaviour of the system at two different locations: Ireland and Pakistan.
The performance of the system is better at Pakistan. Hasan et al. [8]
investigated the system's behaviour under extremely hot weather of the
United Arab Emirates. An increase of 5.9% in the annual electricity
generation is achieved. Sharma et al. [9] have integrated the RT42
phase change material in building integrated concentrated photovoltaic
and reported an increase of 7.7% in the electrical efficiency at 1000W/
m2. Huang et al. [10] have worked on investigating the system's per-
formance considering crystalline segregation of PCM. Waksol A, RT27
and RT35 phase change materials have been considered for the
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T
investigation. It is reported that the fins inside the PCM container can
improve the performance. Browne et al. [11,12] have developed a pipe
network inside the phase change material’s container so that the storage
of heat can be utilized using the flow of water through the pipes and
achieved a thermal efficiency of 20%. Hachem et al. [13] have in-
vestigated the performance of photovoltaic integrated with mixed
phase change material (copper, petroleum jelly and graphite powder)
and pure phase change material and average increase of 5.8% and 3%
respectively in the electrical efficiency have been reported. Several
review works [14–18] also discuss the behaviour of photovoltaic-phase
change material system.
Not just experimental work but several numerical studies have also
been conducted for the thermal analysis of the PV-PCM system. Brano
et al. [19] have used a finite difference method to analyse the thermal
performance of the system considering RT27 PCM and found that the
calculated values of the PV temperature differ from the measured ones
by 7%. Atkin and Farid [20] have integrated the PCM with heat sink for
PV cooling and shown a 12.97% enhancement in the photovoltaic
electrical efficiency. Smith et al. [21] have estimated the power gen-
eration by photovoltaic-phase change material system across countries
and found that the PCM integration for cooling of the PV is best for
tropical regions. Kibria et al. [22] have used three phase change ma-
terials viz. RT20, RT25 and RT28HC and analysed the behaviour of the
system and achieved an increase of 5% in the electrical efficiency.
All previous numerical studies ignored convection inside the melted
PCM which certainly has a considerable impact on the performance of
photovoltaic-phase change material system [23]. The following works
include convection. Huang et al. [24] have analysed the photovoltaic-
phase change material system for two cases, fins and without fins, in-
side the container considering RT25 PCM. The results show that the
introduction of fins can reduce the PV temperature by 3 °C. Ho et al.
[25] investigated the photovoltaic coupled with microencapsulated
phase change material and found an increment in the photovoltaic
electrical efficiency from 19.1% to 19.5%. Huang [26] has investigated
the thermal behaviour of the system using combination of PCMs con-
sidering RT21, RT27, RT31 and RT60. RT27-RT21 combination yields
better performance. Khanna et al. [27–29] have studied the effect of
operating conditions on the performance of photovoltaic-phase change
material system and found that the increase in the tilt of system leads to
increase in the melting rate of PCM. To encounter the sudden changes
in the thermal properties of PCM during phase change in the con-
vergence of the numerical solution, Biwole et al. [30] and Groulx and
Biwole [31] have implemented Dirac delta function for modelling the
rapid change in the specific heat of PCM.
The aim of the above studies is to enhance the PV efficiency. Many
studies are available aiming at the improvement of heat transfer inside
the PCM using fins: Shatikian et al. [32] have reported that the lesser
spacing/thickness of fins leads to quicker melting of PCM (keeping
spacing to thickness ratio fixed) which is due to the increase in the
number/surface area of fins. The simulations have been carried out for
Nomenclature
B liquid fraction of the phase change material during phase
transition
C constant appeared in Eq. (31)
cp specific heat capacity (J/kgK)
D function used to distribute the latent heat in phase change
zone
F view factor
g gravitational acceleration (m/s2)
G portion of solar irradiance converted into heat (W/m3)
Grc critical Grashof number
h heat transfer coefficient due to convection (W/m2K)
IT instantaneous solar-irradiance on tilted plane (W/m2)
k thermal conductivity (W/mK)
Lch characteristic length (m)
Lf length of fins (m)
Lh latent heat (J/kg)
Nu Nusselt number
p pressure of phase change material (Pa)
Pr Prandtl number of air
q constant appeared in Eq. (31)
qL rate of heat loss (W/m2)
Ra Rayleigh number
Rec critical Reynolds number
sf spacing between successive fins (m)
Sh solar irradiance transformed into heat (W/m2)
t time (s)
tf thickness of fins (m)
T temperature (K)
Tm melting point of phase change material (K)
u phase change material's velocity (m/s)
vw velocity of wind (m/s)
xc critical length (m)
Greek symbols
β inclination angle of the system (rad)
β c coefficient for expansion of phase change material due to
temperature (/K)
γw wind azimuth angle (rad)
δ depth of the box containing phase change material (m)
ΔT region of phase change (K)
ε emissivity for reradiation
ηPV electrical efficiency of the photovoltaic
μ phase change material's dynamic viscosity (kg/ms)
ρ density of the material (kg/m3)
σ Stefan–Boltzmann constant (W/m2 K4)
(τα)eff effective product of transmissivity of glass cover and ab-
sorptivity of solar cell
υ kinematic viscosity of air (m2/s)
Abbreviation
EVA ethylene vinyl acetate
PCM phase change material
PV panel of photovoltaic cells
Subscripts
a ambient
al aluminium
avg averaged
b bottom surface of PV
f forced
g ground
gl glass layer
l liquidus
n natural
P phase change material's layer
s solidus; sky
t photovoltaic top surface
ted tedler layer
x x direction
y y direction
z z direction
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constant wall temperature where as Shatikian et al. [33] have carried
out the simulations for constant heat flux. Saha and Dutta [34] have
optimized the thickness and number of fins to maximize the operational
time of heat sink for the prescribed heat flux and the critical chip
temperature. Nayak et al. [35] have investigated the performance of
phase change material using porous matrix, plate-type fins and rod-type
fins. It is found that the rod-type fins perform better than plate-type
ones. Baby and Balaji [36] have analysed the PCM and fins based heat
sink for the thermal management of the portable electronic devices. The
operational time is enhanced by a factor of 18 for the pin fin heat sink
as compared to the heat sink without fin. Fok et al. [37] have also
carried out the thermal management of the portable electronic devices
using PCM in the finned heat sink. It has been found that the increase in
the number of fins leads to better heat dissipation. Fan et al. [38] have
analysed the effect of PCM melting temperature on the performance of
Finned-PCM heat sink for the thermal management of electronics. It is
found that the PCM with higher melting temperature can increase the
protection time of the devices from over-heating. However, it is also
reported that the PCM with lower melting temperature enables a
prompt protection of the devices. Srikanth and Balaji [39] have in-
vestigated the behaviour of the Finned-PCM heat sink subjected to non-
uniform heat loading using four discrete heaters. It is found that the
non-uniform heat flux highly affects the melting and solidification
cycle. A multi objective optimization have been carried out to maximize
the charging period and minimize the discharging period of the heat
sink simultaneously. Biwole et al. [40] have recently carried out a de-
tailed study to analyse the impact of fin size on the PCM performance. It
is concluded that the system performs better when fins touch the back
of the PCM container and the increase in the number of fins reduces the
standard deviation of the front plate temperature.
From the available studies, it is observed that once the phase change
material melts completely, the rate of heat extraction by phase change
material decreases which again leads to rapid increase in PV tempera-
ture. Thus, the current work aims at computing the most suitable depth
of phase change material's container to keep photovoltaic cool in de-
sired temperature range for different daily solar radiation, spacing be-
tween successive fins, length and thickness of fins. The best fin di-
mensions are also calculated to maintain the photovoltaic at low
temperature.
2. Methodology
Three types of systems have been chosen for the present work as
shown in Fig. 1. First system consists of a photovoltaic panel. Second
system consists of a photovoltaic panel equipped with a phase change
material’s container (aluminium box) at the back. In the third system,
aluminium fins are introduced inside the PCM container. The tilt angles
of the systems are denoted by β. The PV panel is a stack of five layers.
The depth and length of the phase change material’s container are re-
presented by δ and L. Aluminium fins have been deployed equidistantly
at the top wall of the container with spacing between successive fins as
sf. Lf and tf respectively represent the length and the thickness of the
fins. The side walls and the bottom of the PCM chamber are assumed to
be thermally insulated.
The following assumptions have been made for the work.
(i) The solar irradiance incident on the photovoltaic is distributed
uniformly across the surface as the top surface is considered as
perfectly clean to avoid the effect of dirt and clear sky conditions
are considered to avoid the non-uniformity caused due to clouds
(ii) Since the individual layers of PV are very thin, they are considered
to be homogenous and isotropic
(iii) The presence of fins can reduce the adverse effect of crystalline
segregation of phase change material. Thus, the PCM in solid and
liquid phases is assumed as homogeneous and isotropic
(iv) Since the operating temperature range is not too wide, the thermal
properties of the PV and phase change material (in same phase) are
considered to be unaffected with change in temperature
(v) Since the bottom and the side walls of the system are thermally
insulated, the heat losses from them are neglected
(vi) Due to the symmetry of the system along the z direction and the
side walls of the system are thermally insulated, two-dimensional
study has been carried out
Fig. 1. Systems considered for the present study.
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A major fraction of the solar radiation reaching the PV panel (IT) is
transmitted through the glass cover. The fraction that is absorbed by the
solar cell can be written in terms of effective product of transmissivity
of glass cover and absorptivity of the solar cell as (τα)eff x IT.
(τα)eff=0.9 [41] is taken for the current work. A fraction of the ab-
sorbed energy is converted into electrical energy and the rest is trans-
formed into heat (Sh) which is given by
= −S τα I η I( )h eff T PV T (1)
where ηPV is the electrical efficiency of the PV which is represented as a
function of PV averaged temperature (TPV,avg) and IT. For the current
work, it is taken as ηPV=0.20 [1–0.005 (TPV,avg-25) +0.085 ln (IT/
1000)] [41]. The negative coefficient of TPV,avg in this correlation
conveys that the PV efficiency decreases with increase in its tempera-
ture and the positive coefficient of IT conveys that the efficiency in-
creases with increase in the incident solar radiation. Of the total heat
generated, a fraction is lost to surroundings through convection and
radiation from the top and bottom (only-PV) of the panel and can be
written as
= − + − + −q h T T σε F T T σε F T T[ ] [ ] [ ]L t t PV t a t t s PV t s t t g PV t g, , ,4 4 ,4 4 (2)
= − + − + − −q h T T σε F T T σε F T T[ ] [ ] [ ] for Only PV systemL b b PV b a b bs PV b s b bg PV b g, , ,4 4 ,4 4
(3)
where ht and hb are the convective heat transfer coefficients (natural
(ht_n and hb_n) and forced (ht_f and hb_f) combined) of the top and bottom
surfaces of the PV respectively and TPV,t and TPV,b are the corresponding
temperatures. Ta is the ambient temperature, σ is the Stefan–Boltzmann
constant, εt (0.85 [41]) and εb (0.91 [41]) are the emissivities of the top
and bottom surfaces of the PV for long wavelength radiation, Ft_s, Ft_g,
Fb_s and Fb_g are the view factors of the top and bottom surfaces of the PV
to sky and ground respectively. Ts and Tg are the sky and ground
temperatures respectively. The first term of the above equations (Eqs.
(2) and (3)) represents the heat loss from the PV due to convection. The
second and third terms are the radiative heat losses from PV to sky and
ground respectively based on the corresponding view factors. ht_n and
hb_n can be determined by Nu ka/Lch. ka is the thermal conductivity of air
and Lch (characteristic length) is the surface length along the air flow
direction. Nusselt numbers for top (Nut) and back (Nub) can be written
as follows [42].
= ⎧⎨⎩
− + > °
≤ °Nu
Ra Gr Pr Gr Pr β if β
Ra if β
[0.13{( ) ( ) } 0.56( sin ) ]; 30
[0.13( ) ]; 30t
c c1/3 1/3 1/4
1/3 (4)
=
⎧
⎨
⎪
⎩
⎪
≤ °
° < < °
⎡
⎣⎢ +
⎤
⎦⎥ ≥ °+
Nu
Ra if β
Ra β if β
if β
0.58( ) ; 2
0.56( sin ) ; 2 30
0.825 ; 30
b
Ra β
Pr
1/5
1/5
0.387( sin )
{1 (0.492 / ) }
21/6
9/16 8/27 (5)
where Pr is the Prandtl number of air, Grc is the critical Grashof
number= 1.327×1010 exp{-3.708 (π/2-β)} and Ra is the Rayleigh
number which is given by
= −+Ra
g T T L Pr
T T υ
( )
(0.25 0.75 )
t avg a ch
t avg a
,
3
,
2 (6)
In the above expressions, all the physical properties are defined at a
temperature equals to 0.75Tt,avg + 0.25Ta [41]. The correlations of ht_f
and hb_f with wind velocity (vw) can be given by
= −h k β γ υ L0.848 [sin cos v Pr/ ] ( /2)t f w w ch0.5 0.5 (7)
=
⎧
⎨
⎩
≤
− < <
≥
−
− −
−
h
L if x L
L L if x L
L if x L
5.74 v ; / 0.05
5.74 v 16.46 ; 0.05 / 0.95
3.83 v ; / 0.95
bf
w ch c ch
w ch ch c ch
w ch c ch
0.8 0.2
0.8 0.2 1
0.5 0.5
(8)
where γw is the angle defining the wind direction [42] and xc is the
critical length. In Eq. (8), the first correlation corresponds to the fully
turbulent flow when critical length is very small compared to the
characteristic length, third correlation is for laminar flow when the
ratio of critical to characteristic length is greater than or equal to 0.95
and the second correlation corresponds to mixed flow considering the
transition from laminar to turbulent. xc can be calculated using the
following relation
=x Re υ
vc
c
w (9)
where Rec is the critical Reynolds number (= 4×105).
The governing equations for the system can be described as follows.
2.1. PV and aluminium container with fins
In order to calculate the temperature of any jth layer of the PV and
the aluminium container with fins in x and y directions at any time t,
the following equation can be solved
⎜ ⎟
∂
∂ = ⎛⎝
∂
∂ +
∂
∂ ⎞⎠ +ρc
T
t
k T
x
T
y
Gp PV
2
2
2
2 (10)
with boundary conditions
∂
∂ =k
T
y
q at top surface of glassgl
gl
L t, (11)
∂
∂ =
⎧
⎨⎩
−
∂
∂
k T
y
q
k
at bottom surface of tedlar for Only PV system
at interface of tedler and aluminiumted
ted L b
al
T
y
,
al
(12)
∂
∂ =
∂
∂ ++
+k T
y
k
T
y
j and jat interface of ( 1) layer of PVPV j
PV j
PV j
PV j th th
,
,
, 1
, 1
(13)
∂
∂ =
∂
∂k
T
y
k T
y
at interfaces of aluminium and PCM normal to y axisal al P P
(14)
∂
∂ =
∂
∂k
T
x
k T
x
at interfaces of aluminium and PCM normal to x axisal al P P
(15)
∂
∂ =k
T
x
0 at both side walls of system (16)
∂
∂ =k
T
y
0 at bottom of systemal al
(17)
= =T T at t 0a (18)
where ρ, cp, T, k and GPV are the density, specific heat capacity, tem-
perature, thermal conductivity and heat generation in PV respectively.
Eq. (11) conveys that the rate of heat leaving the top surface of the glass
layer is same as the rate of heat loss from the top of the system. Eq. (12)
explains that the rate of heat leaving the bottom surface of the tedlar is
same as the rate of heat loss from the bottom of the only-PV system and
is equal to the rate of heat entering the top surface of the aluminium
container for other systems. Eq. (13) explains that the rate of heat
leaving the jth PV layer from its bottom surface is equal to the rate of
heat entering the (j+1)th layer from its top surface. Eqs. (14) and (15)
explain that at the interfaces of aluminium and PCM, the rate of heat
leaving the aluminium is equal to the rate of heat entering the PCM.
Eqs. (16) and (17) explain that the rate of heat leaving the side walls of
the system and the bottom of the aluminium container is nil as they are
insulated. Eq. (18) explains that, initially, the temperature of the system
is same as that of the ambient.
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2.2. PCM
RT 25 HC PCM [43] has been chosen for the current work. In order
to calculate the phase change material's temperature and the velocities
in x and y directions at any time t, following equations can be solved
⎜ ⎟
∂
∂ =
∂
∂ ⎛⎝
∂
∂ − ⎞⎠ +
∂
∂ ⎛⎝
∂
∂ − ⎞⎠ρ c
T
t x
k T
x
ρ c u T
y
k T
y
ρ c u TP p P
P
P
P
P p P x P P
P
P p P y P, , ,
(19)
⎜ ⎟ ⎜ ⎟⎛⎝
∂
∂ +
∂
∂ +
∂
∂ ⎞⎠ = −
∂
∂ + ⎛⎝
∂
∂ +
∂
∂ ⎞⎠ +ρ
u
t
u u
x
u u
y
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x
μ u
x
u
y
ρgP
x
x
x
y
x x x
x
2
2
2
2 (20)
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∂ +
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∂ +
∂
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∂
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t
u
u
x
u
u
y
p
y
μ
u
x
u
y
ρgP
y
x
y
y
y y y
y
2
2
2
2 (21)
∂
∂ +
∂
∂ =
u
x
u
y
0x y
(22)
with boundary conditions
= =u u 0 at all walls inside PCM containerx y (23)
= = =u u at t0 0x y (24)
= =T T at t 0P a (25)
where ux and uy are the phase change material velocities in x and y
directions respectively, p is pressure, μ is dynamic viscosity and gx and
gy are gravitational accelerations in x and y directions respectively.
PCM follows the no-slip condition (Eq. (23)) which conveys that the
PCM velocities in x and y directions at all walls inside the PCM con-
tainer are 0 m/s. Eqs. (24) and (25) convey that, initially, the PCM
velocity is nil and the temperature is same as that of the ambient. ρgx
and ρgy (Eqs. (20) and (21)) represent the buoyancy forces which can be
expressed as follows
= − −ρg ρ β T T g[1 ( )]x P l c P m x, (26)
= − −ρg ρ β T T g[1 ( )]y P l c P m y, (27)
where ρP,l, βc and Tm are the density of the phase change material in
liquid phase, expansion coefficient of the PCM due to temperature and
the PCM melting temperature respectively.
The abrupt changes in the phase change material's thermal prop-
erties while undergoing phase change have to be dealt with carefully to
get the convergence of the results. The same can be done using Biwole
et al. [30] with proposed two functions for smooth accounting of the
sharp fluctuations as
= + − +c T c c c B T L D T( ) ( ) ( ) ( )p P p P s p P l p P s h, , , , , , , (28)
= + −ρ T ρ ρ ρ B T( ) ( ) ( )P P s P l P s, , , (29)
= + −k T k k k B T( ) ( ) ( )P P s P l P s, , , (30)
where B is the phase change material's liquid fraction and D is a func-
tion [30] used to distribute the latent heat (Lh) of the PCM in the phase
change zone. For the regions having PCM temperature lower than the
solidification temperature (Tm-ΔT/2), the PCM is in solid phase re-
sulting in liquid fraction (B) and D as 0 leading to cp,P= cp,P,s, ρP= ρP,s
and kP= kP,s. The portions where PCM temperature is above liquidifi-
cation temperature (Tm+ΔT/2), the PCM is in liquid phase resulting in
liquid fraction (B) and D as 1 and 0 respectively leading to cp,P= cp,P,l,
ρP= ρP,l and kP= kP,l The abrupt changes in the viscosity of the PCM (μ)
can be modelled as [31].
= ⎡⎣⎢ +
−
+ ⎤⎦⎥μ T μ
C B T
B T q
( ) 1 {1 ( )}
( )l
2
3 (31)
As explained by Biwole et al. [30], C changes its value depending
upon the morphology of the medium. Higher values of C result in the
reduction of flow of liquid matter in the mushy zone. A value of 105
[30] is experimentally verified for RT 25 HC. A very low value of q
(10−3) has been used by Biwole et al. [30] in order to keep the above
correlation valid even for solid regions of PCM. The same values have
been chosen for the current study. For the regions having PCM tem-
perature lower than the solidification temperature (Tm-ΔT/2), the above
correlation provides a very high value of viscosity for PCM which helps
it to behave like a solid. The portions where PCM temperature is above
liquidification temperature (Tm+ΔT/2), the PCM is in liquid phase re-
sulting in liquid fraction (B) as 1 leading to μ= μl.
To ease the convergence, the liquid fraction (B) during phase
change is modelled as a second order continuous differentiable function
as follows
∑=
=
B T a T( )
i
i
i
0
6
(32)
These conditions (Eq. (33)) give the coefficients (ai) of Eq. (32) as
follows:
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2 3 4
2 3 4 5 6
2 3 4 5 6
1
(34)
where b=Tm-ΔT/2, c= Tm+ΔT/2 and d = Tm
D in Eq. (28) can be given by
= − −D T e
π T
( )
(Δ /4)
T T T( ) /(Δ /4)
2
m 2 2
(35)
3. Solution procedure
ANSYS Fluent 17.1 has been used to solve the equations. Mesh has
been generated using quadrilateral grid. The grid independence study
shows that any further reduction in the distance between the successive
nodes beyond 1mm does not lead to significant improvement in the
results. The accepted residuals of the energy, continuity and velocity
have been chosen as 10−8, 10−4 and 10−4 respectively because the
decrease in the accepted value of the energy residual from 10−6 to
10−7, 10−7 to 10−8 and 10−8 to 10−9 changes the temperature of
system maximally by 3.1%, 0.5% and 0.0% respectively.
4. Experimental verification
In order to verify the presented model with the experimental mea-
surements, the values reported by Huang et al. [44] have been taken.
RT 25 HC phase change material was considered. The IT and Ta were
750W/m2 and 20 °C respectively. The top and bottom of the system
were not insulated whereas the side walls were insulated. Using the
proposed model, the similar system has been simulated. The variation
= = = = = = == − − − + + +B
dB
dT
d B
dT
dB
dT
d B
dT
0, B 1, B 1
2at T T
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in the surface temperature of the top of the system with time is shown
in Fig. 2 and compared with the experimental measurements. The
mismatch lies between −2.0 °C and +0.7 °C.
5. Results and discussion
Based on the proposed methodology, the thermal response of the
Finned-PV-PCM system in terms of temperature variations with time
have been studied and analysed for range of spacing between fins, fin
length, fin thickness and depth of the PCM box. The most suitable di-
mensions of fins and depths of container for various daily solar radia-
tion values to optimally cool the PV have been calculated. The impact
of fin dimensions on the suitable depth has also been investigated.
Parameters used and the corresponding values for the calculations are
tabulated in Tables 1 and 2.
The variation in average PV temperature with time in Finned-PV-
PCM system is presented in Fig. 3 and the variation in the temperature
of the whole system is presented in Fig. 4. The results suggest that there
is an initial surge in PV temperature which eventually saturates and
then remains constant for significant time. It witnesses an increase
again beyond a point. It is due to the fact that firstly, the rate of heat
extraction by PCM is low due to its solid phase. As soon as the phase
change material starts to melt, it starts absorbing heat (latent) from
photovoltaic without any rise in temperature. Once the phase change
material is fully melted and has absorbed all the latent heat, there is
Fig. 2. Verification of the model against the experimental measurements [29].
Table 1
Properties of different layers of PV and aluminium.
Material Thermal Conductivity
(W/mK)
Heat Capacity
(kJ/kgK)
Density
(kg/m3)
Thickness
(mm)
Glass 1.8 0.5 3000 3
EVA 0.35 2.1 960 0.5
Silicon 148 0.68 2330 0.3
Tedlar 0.2 1.25 1200 0.1
Aluminium 211 0.9 2675 4
Table 2
Properties of RT 25 HC phase change material and
other variables.
Parameter Value
cp,P,s (kJ/kgK) 1.8
cp,P,l (kJ/kgK) 2.4
IT (W/m2) 750
kP,s (W/mK) 0.19
kP,l (W/mK) 0.18
L (m) 1
Lf (cm) 3
Lh (kJ/kg) 232
sf (cm) 33
Ta (°C) 20
tf (mm) 4
Tm (°C) 26.6
vw(m/s) 4
β (°) 45
βc (K−1) 0.001
γw (°) 0
δ (cm) 3
ΔT (°C) 2
εt 0.85
εb 0.91
μs (kg/m-s) 1.8× 105
μl (kg/m-s) 0.001798
ρP,s (kg/m3) 785
ρP,l (kg/m3) 749
(τα)eff 0.9
Fig. 3. PV temperature in Finned-PV-PCM system and its variation with time.
Fig. 4. Temperature of Finned-PV-PCM system and the melting process of PCM.
Fig. 5. PV temperature in Finned-PV-PCM for different depths of box con-
taining phase change material.
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observed a decrease in the rate of heat extraction because heat that is
now being extracted is only sensible leading to further rise in PV tem-
perature.
5.1. Optimum depth of phase change material container
The variations in average PV temperature (in Finned-PV-PCM
system) are shown in Fig. 5 for different depths of box containing phase
change material. It is observed that with increase in depth of PCM box,
the cooling capacity in terms of duration increases. However, beyond a
limit, it does not lead to significant capacity addition. For example, for
∑IT=3 kWh/m2/day, if the depth is increased beyond 2.8 cm, PV can't
be cooled more than 1 °C. Thus, 2.8 cm can be considered as the most
suitable depth for ∑IT=3kWh/m2/day.
5.1.1. Effect of spacing between fins on optimum depth of phase change
material container
The most suitable depths are calculated for various spacings be-
tween successive fins and various daily solar irradiance and the values
are shown in Fig. 6. The results show that for a system having spacing
as 100 cm, the suitable depth of container is 3.9 cm for ∑IT=5 kWh/
m2/day. It means that the PV temperature starts increasing again for ∑IT
greater than 5 kWh/m2/day. If spacing decreases to 25 cm, the suitable
depth increases to 4.6 cm. It is due to the fact that, for smaller spacing,
number of fins in the system are larger and heat extraction rate of phase
change material is higher and, thus, it melts in shorter duration. Thus,
for smaller spacing between fins, larger quantity of phase change ma-
terial is required to maintain PV at lower temperature.
It must be noted that, in the current work, very less number of fins
are introduced in the container. Thus, the PCM mass diminished by fins
is negligible.
It must also be noted that if spacing between fins is increased be-
yond a point, the convective energy flow inside the PCM container
reduces and conductive energy flow increases which may lead to de-
crease in the rate of melting with decrease in spacing.
5.1.2. Effect of length of fins on optimum depth of phase change material
container
The thermal variations of Finned-PV-PCM system are analysed for
different depths of phase change material box. The most suitable depths
are calculated for various lengths of fins and various daily solar irra-
diance and the values are shown in Fig. 7. It is observed that for a
system having Lf as δ/3, the suitable depth of container is 4.0 cm for
∑IT=5 kWh/m2/day. It conveys that the PV temperature starts in-
creasing again for ∑IT greater than 5 kWh/m2/day. If Lf increases to δ,
the suitable depth increases to 4.5 cm. It is again due to faster rate of
heat extraction leading to melting of PCM in shorter duration. Thus, for
larger fin length, larger quantity of phase change material is required to
cool the photovoltaic for desired time. It must also be noted that for a
system having large number of fins, the increase in fin length can re-
strict the flow of melted PCM which may reduce the energy flow due to
convection inside the phase change material container. Thus, it may
happen that the increase in the fin length adversely affects the melting
rate of the phase change material.
5.1.3. Effect of thickness of fins on optimum depth of phase change material
container
The temperature patterns of Finned-PV-PCM system are analysed for
different depths of container. The most suitable depths are calculated
for various thicknesses of fins and various daily solar irradiance and the
values are shown in Fig. 8. It is observed that for a system having
tf=0.5mm, the suitable depth of container is 4.1 cm for ∑IT=5 kWh/
m2/day. It conveys that the PV temperature starts increasing again for
∑IT greater than 5 kWh/m2/day. If tf increases to 2mm, the suitable
depth increases to 4.5 cm. Thus, the results show that for thicker fins,
the suitable depths of PCM box are larger which is caused by early
melting of PCM due to higher heat extraction rate thereby requiring
more phase change material depth for effective cooling of PV.
5.2. Effect of fins on the standard deviation of PV temperature along height
The results (Fig. 4) show that when some portion of the PCM melts,
the solid portion is displaced downwards pushing the liquid portion
upwards. It leads to thermal variation inside the PCM container along
the height resulting in temperature variations in the PV. The standard
deviation of the PV temperature (along the height) is calculated for
various spacings between fins and presented in Fig. 9. The results show
that as spacing between fins decreases, the standard deviation of the PV
Fig. 6. Optimum depths of phase change material container for different spa-
cings between fins and solar radiation levels.
Fig. 7. Optimum depths of phase change material container for different
lengths of fins and solar radiation levels.
Fig. 8. Optimum depths of phase change material container for different
thicknesses of fins and solar radiation levels.
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temperature decreases. It is due to the fact that, for a system having
lesser spacing between fins, the displacement of solid portion of PCM
(during melting process) is more restricted which leads to lesser tem-
perature variations inside the PCM container along the height resulting
in lesser standard deviation of PV temperature.
The results also show that the standard deviation increases with
time. It is due to the fact that, initially, the whole PCM is in solid phase
leading to lesser thermal variations along the height and, thus, lesser
standard deviation. As phase change material starts melting, the solid
portion of PCM starts getting displaced downwards leading to increase
in temperature variation along the height inside the PCM container.
It must also be noted that, when PCM becomes fully liquid, the
temperature variation along the height will decrease.
5.3. Optimum spacing between fins
The variations in the average temperature of photovoltaic (in
Finned-PV-PCM system) are shown in Fig. 10 for various spacings be-
tween successive fins and the corresponding heat extraction rate of
phase change material has been presented in Fig. 11. The results show
that as spacing decreases, temperature of PV decreases. It is due to the
fact that with decrease in spacing, number of fins in the system in-
creases which enhances the rate of heat extraction from PV (Fig. 11)
leading to decrease in PV temperature. The results also show that de-
crease in spacing beyond 25 cm (1/4m) does not lead to significant
decrease in PV temperature. Thus, the best spacing between fins is
25 cm.
5.4. Optimum length of fins
The variations in the average temperature of photovoltaic (in
Finned-PV-PCM system) are shown in Fig. 12 for different lengths of
fins. The results show that the photovoltaic temperature decreases with
increase in fin length. It happens due to faster rate of heat extraction
from PV in case of longer fins (Fig. 13). The results also show that there
Fig. 9. Variation in standard deviation of the PV temperature (along the height)
with time.
Fig. 10. PV temperature in Finned-PV-PCM system for various spacings be-
tween successive fins.
Fig. 11. Heat extraction rate of phase change material for various spacings
between fins at t= 150min.
Fig. 12. PV temperature in Finned-PV-PCM system for different lengths of fins.
Fig. 13. Heat extraction rate of phase change material for various lengths of
fins at t= 150min.
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is a significant decrement in PV temperature when fin length becomes δ
(depth of container) as compared to smaller lengths of fins. The reason
for this sharp characteristic can be explained as follows. In case of fin
length becoming δ, the tip of the fin touches the bottom of container.
Due to high conductivity of aluminium, the temperature at the bottom
increases and then the PCM starts extracting heat from bottom also in
addition to top and fins. Thus it leads to higher heat extraction rate of
phase change material resulting in more cooling. Thus, the best length
of fin is equal to the depth of container.
5.5. Optimum thickness of fins
The variations in the average temperature of photovoltaic (in
Finned-PV-PCM system) are shown in Fig. 14 for different thicknesses
of fins and the corresponding heat extraction rate of phase change
material has been presented in Fig. 15. The results suggest the decrease
in PV temperature with increase in fin thickness. It is again because of
the previous reason of faster rate of heat extraction which happens in
thicker fins (Fig. 15). The results also show that increase in thickness
beyond 2mm does not lead to significant decrease in photovoltaic
temperature. Thus, the best thickness of fins is 2mm.
6. Conclusions
A mathematical model is presented for analysing the thermal
performance of PV, PV-PCM and Finned-PV-PCM systems accounting
heat transfer via conduction, convection and radiation. To ensure the
convergence, a 2nd order continuous and differentiable function is
defined during the phase transition of the PCM. The model has been
validated against the experimental measurements. The mismatch lies
between −2.0 °C and +0.7 °C. The temperature variations of the sys-
tems with time have been analysed along with the effects of spacing
between fins, length and thickness of fins. The most suitable fin di-
mensions are calculated to maintain the PV at low temperature. It is
also observed that by increasing the quantity of phase change material
(i.e. the depth of PCM container), the duration can be increased for
which photovoltaic can be cooled. The most suitable depths of PCM box
are calculated for various fin dimensions and daily solar radiation le-
vels. The conclusions are as follows.
(i) For smaller spacing between fins, larger quantity of phase change
material is required to maintain the photovoltaic at low tempera-
ture because PCM melts in shorter duration due to higher rate of
heat extraction. Smaller spacing between fins can keep PV cooler.
However, decrease in spacing beyond 25 cm does not lead to sig-
nificant improvement.
(ii) For larger fin length, larger quantity of phase change material is
required to keep photovoltaic cooler. Larger length of fins can
maintain the photovoltaic at lower temperature. Best fin length is
the one when it touches the bottom of the container.
(iii) For larger fin thickness, larger quantity of phase change material is
required for effective cooling of PV. Larger thickness of fins would
lead to lower PV temperature. However, increase in thickness be-
yond 2mm does not lead to much improvement.
It must be noted that, (i) in the current work, the optimum quan-
tities of PCM are reported for cumulative incident solar radiation over
the day. However, it may happen that the two locations with similar
ambient conditions and cumulative incident solar radiation have dif-
ferent radiation distributions over the day which would lead to slightly
different values of optimum PCM quantity in reality, (ii) the contact
between the PV back and the aluminium container is considered to be
perfect. However, in reality, the imperfect contact would reduce the
heat transfer and (iii) the current work does not incorporate the effect
of crystalline segregation of the PCM which can reduce the heat transfer
within the PCM.
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